Gas-surface interactions can have a significant effect on the aerothermodynamic properties of planetary entry vehicles. Therefore, it is important to evaluate these effects in the numerical analysis of entry flows. The first part of this paper describes the implementation of an existing finite-rate surface chemistry module into a Navier-Stokes solver. The module can simulate the chemical interaction of the hypersonic gas flow with the surface of a planetary entry vehicle, and allows the specification of several different surface reaction types, such as adsorption, Eley-Rideal recombination, Langmuir-Hinshelwood recombination, and sublimation. In the second part of the paper, the effects of using two different surface chemistry models developed by Driver et al. and Park on the numerical predictions of the flow field and surface properties of the Stardust return capsule at the 81 km trajectory point are evaluated. Both models include carbon oxidation, and one of the main differences between the two is that a mechanism for carbon nitridation is included in Park's model. The production of CN in Park's model causes the mass blowing rate due to the removal of bulk carbon to be greater by as much as 45% compared to Driver's model. The heat transfer to the surface for Park's model is approximately 20% less than for Driver's model. When the carbon nitridation reaction is excluded from Park's model, the results show better agreement in the heat flux and blowing rate as compared to Driver's model. 
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I. Introduction
Planetary entry vehicles are required to sustain very high aerodynamic heat fluxes when entering an atmosphere. For this reason, many vehicles currently being designed employ a thermal protection system (TPS). Accurate simulation of the aerothermal environment expected during atmospheric entry for these vehicles requires models for complicated physical processes, such as nonequilibrium surface chemistry. This in turn requires a coupling between the flow field solver and the surface mass, momentum, and energy boundary conditions. Inputs for the surface boundary conditions can be obtained from analytical models, or detailed material response models. The primary purpose of this work is to develop a coupling interface between an existing Finite-Rate Surface Chemistry (FRSC) Module developed by Marschall and MacLean
1, 2
and the LeMANS CFD code developed at the University of Michigan. 3, 4 This will enable tightly-coupled CFD solutions to be generated that include the effects of nonequilibrium surface chemistry.
The second goal of this study is to evaluate the effects of nonequilibrium surface chemistry models by using LeMANS with the FRSC Module to simulate the flow around the Stardust entry capsule. The Stardust payload was launched in 1999 on a mission to collect samples from interstellar dust and the tail of the Comet Wild-2, and return them to Earth. The Stardust sample return capsule, shown schematically in Figure 1(a) , landed in the Utah desert in January of 2006, and its Earth entry trajectory 5 is presented in Figure 1 (b). The Stardust spacecraft then continued its travel through the solar system, on a mission to image Comet Tempel-1. It was decommissioned after completing that final mission in March 2011. The Stardust mission represents the first ever return of a sample from a comet; a significant milestone in the human exploration of space. With an entry velocity of 12.6 km/s, the capsule was also the fastest man-made object ever to enter the Earth's atmosphere, providing a unique test case to evaluate numerical simulations. In order to protect the vehicle from the extreme entry conditions, the TPS for the Stardust capsule employed a phenolic-impregnated carbon ablator (PICA), 6 which is a lightweight material with a density of approximately 240 kg/m 3 . The paper is presented in two sections. The first part of the paper describes the formulation of the FRSC Module and the coupling to LeMANS. This section also presents a comparison between the solutions obtained using LeMANS and the NASA DPLR code 7 for two different test cases in order to verify the coupling between LeMANS and the FRSC Module. The second part of the paper presents flow field predictions for the Stardust entry capsule at the 81 km trajectory point obtained using two different surface chemistry models developed by Driver et al. 8, 9 and Park. 10, 11, 12 In this section, details regarding the numerical setup for the simulations are provided first. Then, comparisons of the predicted Stardust flow field and surface properties using the two surface chemistry models are described. Finally, the paper presents some conclusions drawn from these comparisons and possible future work directions.
II. Finite-Rate Surface Chemistry Formulation
The FRSC Module developed by Marschall and MacLean 1, 2 models the chemical interaction of the hypersonic gas flow with the surface of a planetary entry vehicle. The FRSC Module allows for the definition of three distinct environments: gas, surface, and bulk. The surface and bulk environments can have any number of phases, which represent physically and chemically distinct regions. The gas environment can only have a single phase. Surface reactions may only occur at active sites that can either be empty or filled with an adsorbed species on a specific surface phase. The total number of reaction sites is conserved and sites may neither be created nor destroyed. The number of reaction sites (i.e. site density) is a property of the surface and is defined as a user input. The FRSC Module allows the specification of several different reaction types. These include,
In the previous examples, (s) represents an empty active site, A(s) is an adsorbed particle, and A(b) is a bulk species. The FRSC Module also allows for the specification of several other reaction processes that do not strictly fit into the categories given above (e.g. oxidation and nitridation). The general form for reaction i can be expressed as,
where ν ki and ν ki are the stoichiometric coefficients for species k on the reactant and product sides, respectively. The net production rate for species k from all surface reactions is,
where the reaction-specific production rate,ẇ ki , is given by,
where k fi and k bi are the forward and backward rates for reaction i, respectively, and X k is the concentration of species k at the surface. The forward reaction rates for surface processes are specified using kinetics-based formulations for specific reaction types as, Adsorption:
Eley-Rideal:
Langmuir-Hinshelwood:
Sublimation:
The thermal velocities used in the rate expressions are given by,
The temperature used in these expressions is the translational temperature of the gas at the surface, which is equal to the wall temperature for this work. This approach of defining the forward reaction rates is more insightful than using Arrhenius-type expressions since the Arrhenius reaction parameters may be difficult to relate to physical, chemical, or kinetic processes. Note, however, that the FRSC Module also allows for Arrhenius-type formulations for the forward rates. The backward rate for reaction i is determined based on the forward rates and the concentration-based equilibrium constant by,
The concentration-based equilibrium constant is related to the activity-based equilibrium constant by,
where P ref is a reference pressure of 10 5 Pa, which is the same value used in the NASA Glenn thermodynamic database, 13 and ν g,i is the net stoichiometric exponent for gas species equal to (ν ki − ν ki ). The activitybased equilibrium constant is related to changes in the Gibbs energy of formation and can be calculated directly if the necessary thermodynamic properties are available by,
where the change in Gibbs energy of formation, ∆G 0 i (T ), can be obtained from databases, such as the NASA Glenn thermodynamic database.
13 However, the difference between the Gibbs energy of formation of an occupied active site and an empty active site may not be available for most species. For these cases, either the backward rate k b,i or the concentration-based equilibrium constant K c,i must be specified in addition to the forward rate for each adsorption reaction based on statistical thermodynamics and/or kinetic theory. Then, the missing thermodynamic data for occupied and empty active sites can be calculated using Equations 11 and 12. The calculated change in Gibbs energy of formation can then be used with the available thermodynamic data for gas and solid phase species to calculate the constants for all other surface reactions. Additional details regarding the FRSC Module are provided in Ref. 
III. Coupling to a Navier-Stokes Solver
A. Navier-Stokes Solver
The numerical simulations are performed using the CFD code LeMANS, which is developed at the University of Michigan. 3, 4 This three-dimensional, parallel code solves the laminar Navier-Stokes equations on unstructured computational grids including thermo-chemical nonequilibrium effects. In LeMANS, the flow is modeled assuming that the continuum approximation is valid. For this study, it is also assumed that the translational and rotational energy modes can be described by a single temperature, T tr , and that the vibrational, electronic, and electron translational energy modes are described by a different temperature T ve . The mixture transport properties are calculated using one of two models. The first uses Wilke's semiempirical mixing rule 14 with species viscosities calculated using Blottner's curve fits 15 and species thermal conductivities determined using Eucken's relation. 16 The other model uses Gupta's mixing rule with species viscosities and thermal conductivities calculated using collision cross section data. 17 In this study, the mass diffusion fluxes of heavy particles are modeled using Fick's law, and the diffusion flux of electrons is calculated assuming ambipolar diffusion. 18 The mass diffusion coefficient for each species is replaced by a single binary coefficient calculated by assuming a constant Lewis number.
In LeMANS, the set of governing equations are solved using the finite-volume method applied to unstructured grids with second order spacial accuracy. LeMANS can simulate two-dimensional and axisymmetric flows using any mixture of quadrilateral and triangular mesh cells, and three-dimensional flows using any mixture of hexahedra, tetrahedra, prisms, and pyramids. A modified Steger-Warming Flux Vector Splitting scheme 19 is used to discretize the inviscid fluxes across cell faces, which is less dissipative and produces better results in boundary layers compared to the original scheme. The viscous terms are computed using cell-centered and nodal values. The viscous stresses are modeled assuming a Newtonian fluid and Stokes' hypothesis, and the heat fluxes are modeled according to Fourier's law for all temperatures. LeMANS is parallelized using METIS 20 to partition the computational mesh, and the Message Passing Interface (MPI) to communicate the necessary information between processors.
B. Implementation of the FRSC Module
Given the pressure, temperature, and species concentrations at the surface obtained from LeMANS, the FRSC Module computes the species production rates, the blowing rate due to the removal of bulk species by surface reactions, and the steady-state surface coverage (i.e. distribution of adsorbed species). These values are then communicated to LeMANS. In order to model a reacting surface in a CFD code, the equations of conservation of mass, momentum, and energy must be satisfied at the surface. The species mass conservation equations,
momentum conservation equation,
and energy conservation equation,
are solved using the species production rates (ẇ k ) and mass flux of bulk species (ṁ b ) computed using the FRSC Module. These relations are derived assuming steady-state ablation in which the ablating surface, char front, pyrolysis front, and unaffected front all recede at the same rate. 21 The enthalpy of the virgin material in Equation 15 , h a , is a user-defined input. The set of conservation equations is solved iteratively using a Newton-type method to obtain the species mass fractions (Y k,w ), gas density (ρ w ), gas normal velocity (v w ), and gas temperature (T w ) at the wall. For this study, the vibrational temperature at the wall is assumed to be equal to the translational temperature. The loss efficiency for a gas phase reactant k (i.e. the fraction of collisions with the surface that result in its removal from the gas environment) can be calculated by,
The concentrations of the surface species are updated at each solver iteration using Equation 17 ,
where the time step is equal to the global time step of the simulation. The FRSC Module includes a rudimentary form of blowing to simulate pyrolysis gases emitted from the surface. This approach, however, has not been included in the current implementation. As a result, the only contribution to the mass blowing rate at the surface is due to the removal of species from the bulk environment caused by surface reactions (e.g. oxidation, nitridation, and sublimation). This blowing rate is a function of the production rates of bulk species and is calculated by,
Although the FRSC Module is designed to be used in a coupled, fully-implicit manner to the CFD code, an explicit coupling scheme is currently used in this work. This means that the values of the species mass fractions from the previous iteration of the solver are used to calculateẇ k andṁ b in order to set the boundary conditions at the current iteration. This is the same approach adopted in Ref. 22 and works relatively well for steady-state problems.
C. Test Cases
Air/Silica System
Two test cases have been chosen to verify the coupling of the FRSC Module to LeMANS. The first case considers the flow of reacting air over a 2.0 m diameter cylinder with a catalytic silica surface. This case was originally studied by Sorensen et al. 22 to investigate the sensitivity of the heat transfer along the surface of a reentry vehicle to the rates of the surface reactions, and was also used by MacLean et al. 2 to test the implementation of the FRSC Module in the DPLR code. The freestream conditions for this case are: ρ = 0.001 kg/m 3 , U = 6000 km/s, and T tr = T ve = 200 K. The surface temperature is assumed to be constant and equal to 2250 K. The mixture transport properties are calculated using Wilke's mixing rule with Blottner's curve fits for species viscosities and Eucken's relation for species thermal conductivities. The Lewis number is constant and equal to 1.4. Table 1 presents the surface chemistry model used for this test case. The model includes nine reactions, and accounts for the adsorption of atomic oxygen and nitrogen onto the surface and subsequent recombination via both Eley-Rideal and Langmuir-Hinshelwood mechanisms. The initial density of available empty surface sites is assumed to be equal to 7.5×10 −6 mol/m 2 . Qualitative flow field temperature contours calculated using LeMANS are shown in Figure 2 . 2 The figure also shows heat transfer comparisons for two other cases performed by assuming a non-catalytic wall (no surface recombination) and a super-catalytic wall (recombination to freestream composition) boundary conditions. The agreement between the heat transfer predictions by LeMANS and DPLR for all cases is excellent. The results show that the heat flux for the finite-rate model is between the solutions for the non-catalytic and super-catalytic wall conditions, and the surface becomes more catalytic near the shoulder than at the stagnation point. Figure 3(b) shows a comparison of the steadystate concentration of the adsorbed species along the cylinder surface predicted by LeMANS and DPLR. The steady-state surface coverage is mainly dominated by atomic oxygen at these conditions. Once again, the agreement between LeMANS and DPLR is excellent. 
Air/Carbon System
The second case used to test the implementation of the FRSC Module in LeMANS considers the flow of reacting air over a 4-inch diameter iso-Q geometry composed of FiberForm, which is the carbon preform used in the fabrication of PICA. The iso-Q geometry is designed to experience relatively constant heat flux The surface temperature is calculated assuming radiative equilibrium at the wall with an emissivity of 0.9. The mixture transport properties are calculated using Gupta's mixing rule. The Lewis number is assumed to be equal to 1.4. Table 2 presents the surface chemistry model used for this test case. In this model, developed by Driver et al., 8, 9 , 2 the oxidation of bulk carbon by atomic oxygen occurs with a constant reaction probability of γ ox,O = 0.90, and the oxidation of bulk carbon by molecular oxygen occurs with a constant probability of γ ox,O2 = 0.01. This reaction is mediated by one set of surface sites of type "(s 1 )", and there is only one bulk carbon phase, denoted "C(b)". This is accomplished in the FRSC Module framework by specifying two irreversible Eley-Rideal type reactions with zero activation energy and γ 0 = 0.90 and 0.01, respectively. The model also includes the recombination of atomic nitrogen at the surface. The catalysis of nitrogen atoms occurs with a constant recombination probability of γ cat,N = 0.05. This reaction is modeled as irreversible adsorption and Eley-Rideal reactions with zero activation energy, constant reaction efficiency of γ 0 = 0.05, and constant sticking coefficient of S 0 = 0.05 on a second set of surface sites denoted "(s 2 )". Two different sets of surface sites are used in this model in order to keep the reaction efficiencies of the two processes (i.e. carbon oxidation and nitrogen catalysis) independent. If only one set is used, the adsorbed nitrogen can occupy a portion of the available empty sites, which reduces the efficiency of the oxidation process. Figure  4 presents flow field temperature contours obtained using LeMANS for this test case. Figure 5 presents comparisons of the iso-Q surface properties between LeMANS and DPLR. As expected, the heat transfer is approximately constant along the surface due to the iso-Q geometry. Figure 5(a) shows that the heat flux is equal to approximately 280 W/cm 2 , and the temperature is about 2750 K along the surface. The figure shows very good agreement between LeMANS and DPLR, with a maximum difference of less than 3% in the surface heat transfer between the two codes. This agreement can also be observed in the mass blowing rate due to the removal of bulk carbon and the mass fraction of atomic nitrogen along the iso-Q surface shown in Figure 5 (b). The difference in the blowing rates predicted by the two codes is also less than 3%. The agreement observed between the solutions predicted by the two codes for these two test cases indicates that the FRSC Module has been properly implemented in LeMANS.
IV. Stardust Entry Capsule
A. Numerical Setup
The second goal of this study is to evaluate the effects of two different surface chemistry models using the FRSC Module on the flow field predictions for the Stardust entry capsule. The first model considered in this study was developed by Driver et al. 8, 9 to investigate high recession rates of carbon ablators in arc jet shear tests. The surface reactions are given in Table 2 . Driver et al. employed this model to successfully predict the interaction of oxygen on a FiberForm surface. Driver's model does not include carbon nitridation because the arc jet shear tests have indicated that mass removal by nitridation is negligible compared to mass removal by the carbon oxidation reactions. 9 The second model considered in this study is Park's model. 10, 11, 12 The reactions for Park's model are listed in Table 3 . The reaction parameters for this model were obtained from Ref.
2. In this model, the oxidation of bulk carbon by atomic oxygen occurs with a reaction probability of γ ox,O = 0.63 and an activation energy of 9.644 kJ/mol, and the oxidation of bulk carbon by molecular oxygen occurs with a constant probability of γ ox,O2 = 0.50. The model also includes carbon sublimation, as well as the nitridation of bulk carbon by atomic nitrogen at a constant reaction probability of γ ni,N = 0.30. 
775.81
The surface material of the Stardust entry capsule for this study is assumed to be FiberForm, instead of PICA. FiberForm is the substrate from which PICA is processed, and has been shown to have approximately the same properties as the char layer of PICA. 23 This assumption is chosen to neglect the effects of pyrolysis gases since FiberForm does not contain phenolic. The density of the bulk environment is assumed to be equal to 180 kg/m 3 , which is the density of FiberForm and PICA close to the char exterior surface.
23
The freestream conditions simulated in this study are: ρ = 1.27 × 10 −5 kg/m 3 , U = 12 385 m/s, and T tr = T ve = 218 K. These conditions correspond to the 81 km trajectory point, approximately 34 sec after atmospheric entry (see Figure 1(b) ). The surface temperature is calculated assuming radiative equilibrium at the wall with an emissivity of 0.9. This is similar to solving Equation 15 and assuming that the enthalpy of the virgin material (i.e. h a ) is equal to the gas phase enthalpy at the wall (i.e. h w ). The mixture transport properties are calculated using Wilke's mixing rule with Blottner's curve fits and Eucken's relation. The Lewis number is assumed to be equal to 1.4.
The chemistry model for the gas environment is adapted from Ref. 24 , and consists of the following twenty species:
The forward reaction rates are specified in Arrhenius format, k f = AT Table 4 , which is also adapted from Ref. 24. Park's two-temperature model 25 is used to set the controlling temperature for each reaction in order to account for the effect of thermal nonequilibrium on the reaction rates. The computational mesh used for the numerical simulations of the Stardust forebody geometry is presented in Figure 6 (a). The grid contains 200 cells in the axial direction and 240 cells in the radial direction, with clustering near the capsule surface. The grid was generated based on preliminary simulations in order to ensure that solution is mesh independent and that the grid cells are aligned with the bow shock. Figure  6 (b) shows qualitative flow field temperature contours for a non-ablative, non-catalytic wall. These contours highlight the alignment of the grid cells with the bow shock, as well as the extreme temperatures reached in the shock layer.
B. Results
Translational temperature profiles along the stagnation streamline for the two surface chemistry models considered in this study are presented in Figure 7 . The figure also presents the distributions for the nonablative, non-catalytic and fully-catalytic wall boundary conditions. The fully-catalytic wall represents a conservative boundary condition for which all ions recombine to their neutral counterparts (e.g. N + to N), and all atoms recombine to molecules (i.e. N to N 2 and O to O 2 ). Figure 7(a) shows that the peak temperature is approximately 60 000 K for all the cases, with a small difference of 3% between the two finite-rate models. The figure also shows that the surface chemistry model has a slight effect on the bow shock standoff distance. Close to the surface in the boundary layer, the surface chemistry model has a more significant effect on the temperature distribution, as can be seen in Figure 7 (b). The two finite-rate models decrease both the value and the gradient of the temperature compared to the non-catalytic wall solution. The fully-catalytic wall condition produces the largest temperature value and gradient near the surface. These differences in the temperature profiles also extend to the heat transfer results, as will be shown later.
The mass fractions of neutral air and carbon species in the boundary layer along the stagnation streamline for the two surface chemistry models are presented in Figure 8 . Figure 8(a) shows that the mass fraction of O in the boundary layer for Driver's model is slightly larger than for Park's model. The mass fraction of molecular nitrogen is approximately the same for the two models. The nitridation reaction in Park's model consumes more atomic nitrogen than the catalysis reaction in Driver's model, which results in a smaller mass fraction near the surface. Although relatively small for both models, the mass fraction of molecular oxygen for Driver's model is greater than Park's model close to the surface. Figure 8(b) shows that the mass fraction of CN near the surface for Park's model is about six times larger than for Driver's model due to the carbon nitridation reaction. The mass fraction of CO near the surface for Driver's model is approximately 14% larger than for Park's model. Away from the surface, the mass fractions of CN and CO decrease as these species dissociate and form other species, such as C, C 2 and C 3 . Figure 9 presents the heat transfer and temperature along the forebody surface of the Stardust capsule computed using the two finite-rate surface chemistry models considered in this study. The figure also presents the distributions obtained using the non-ablative, non-catalytic and fully-catalytic wall boundary conditions. The heat transfer, shown in Figure 9 (a), predicted using Driver's model is about 20% larger than predicted using Park's model over most of the surface. The heat transfer for the non-catalytic wall is closer to the solution for Driver's model near the nose, and in good agreement with Park's model near the shoulder of the capsule. The disagreement between the solutions for the non-catalytic wall (and Park's model) and Driver's model near the shoulder is caused by the recombination of some nitrogen atoms due to the catalysis reaction. The heat transfer for the fully-catalytic wall is greater than the heat flux for the Driver and Park models over the entire surface by approximately 40% and 60%, respectively. These results agree with the trends observed in the boundary layer temperature profiles shown in Figure 7 (b); namely that relative to the non-catalytic wall solution, the temperature gradient near the stagnation point is smaller for the two finite-rate surface chemistry models and larger for the fully-catalytic wall. Figure 9 (b) presents the surface temperature distributions for the four cases. The figure shows that the surface temperature trends are overall similar to the trends observed in the heat transfer results. The surface mass blowing rate along the Stardust forebody due to the removal of bulk carbon by the oxidation and nitridation reactions for the Driver and Park models is shown in Figure 10 . For Park's model, Figure 10 (b) also shows the mass blowing rates for CO and CN. The C 3 mass blowing rate for Park's model is small and is not included in the figure. The blowing rate for both models is largest at the stagnation point and decreases closer to the shoulder of the capsule. The surface blowing decreases the temperature gradient near the surface (as shown in Figure 7(b) ), which reduces the heat transfer to the vehicle surface. The total mass blowing rate for Park's model is about 45% larger than the blowing rate for Driver's model. As a result, the heat transfer for Park's model is less than the heat transfer for Driver's model. Figure 10(b) shows that the contribution of the CN blowing rate due to carbon nitridation to the total blowing rate is almost 80% for Park's model. The mechanism for the production of CN included in Park's model increases the mass blowing rate, which decreases the heat transfer to the surface compared to Driver's model. 14 of 17
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The reaction efficiencies for the two surface chemistry models can be demonstrated by examining the effective loss efficiency of the gas phase reactants along the Stardust forebody, defined in Equation 16 . Figure 11 presents the effective loss efficiency of O, O 2 , and N, and the molar production rates of CO, CN, and N 2 , along the surface for the Driver and Park models. As expected, the effective loss efficiencies for Driver's model are constant and equal to the corresponding reaction efficiencies given in Table 2 . The effective loss efficiencies of O 2 and N for Park's model are also constant and equal to the corresponding efficiencies listed in Table 3 . The effective loss efficiency of atomic oxygen for Park's model is approximately constant and equal to about 0.4. Figure 11(b) shows that the CO production rate for Driver's model is more than twice as large as the CO production rate for Park's model. The production rate of CN for Park's model is relatively large, and in fact, is about three times greater than the production rate of CO. The CN production rate is also large compared to the production rate of CO for Driver's model by approximately 20%. The significant CN production rate can be attributed to the relatively large efficiency of the carbon nitridation reaction (γ ni,N = 0.3) and the abundance of atomic nitrogen in the shock and boundary layers, as shown in Figure 8 (a). Figure 11 (b) also shows that the production rate of N 2 for Driver's model due to the nitrogen catalysis reaction is approximately constant and equal to 0.3 mol/m 2 /s. The catalysis of nitrogen increases the heat transfer to the surface, which can also contribute to the difference between the Driver and Park models. The production rate of C 3 from the sublimation reaction for Park's model is very small (∼ 10 −4 mol/m 2 /s) and has been excluded in Figure 11 (b).
(a) Loss efficiencies (b) Production rates Figure 11 : Effective loss efficiency and species production rates along the Stardust forebody.
In order to quantify the effects of carbon nitridation in Park's model, Figure 12 presents the heat transfer and mass blowing rate for Driver's model and Park's model with and without carbon nitridation (i.e. excluding Reaction # 3 in Table 3 ). The heat transfer for Park's model without carbon nitridation is in better agreement with Driver's model. Figure 12(a) shows that the difference between the Driver and Park models decreases to approximately 8% near the nose when carbon nitridation is excluded. Near the shoulder, however, the effects of the carbon nitridation reaction are small and the difference between the Driver and Park models is 20%. This difference is possibly caused by the mechanism for nitrogen catalysis included in Driver's model. Figure 12 (b) also shows good agreement in the blowing rate predicted by Driver's model and Park's model without nitridation, which can be expected since the models use overall similar reaction efficiencies for carbon oxidation. 
V. Conclusion
A finite-rate surface chemistry module, developed by Marschall and MacLean, has been coupled to the Navier-Stokes code LeMANS. The module simulates the local interactions between the hypersonic gas flow and the surface of a planetary entry vehicle. The module allows for the definition of several different surface reaction mechanisms, such as adsorption, Eley-Rideal recombination, Langmuir-Hinshelwood recombination, and sublimation. The first part of this study presented a brief overview of the formulation used in the FRSC Module and provided details regarding its coupling to LeMANS. Excellent agreement in code-to-code comparisons between LeMANS and DPLR for two different test cases indicated that the coupling of the FRSC Module is accurate.
The second part of this study described a comparison of the flow field and surface properties for the Stardust entry capsule at the 81 km trajectory point obtained using two different surface chemistry models. The first model, developed by Driver et al., includes catalysis of nitrogen and carbon oxidation by atomic and molecular oxygen. The second one is Park's model, which includes carbon oxidation and nitridation, as well as sublimation. The results showed that the production of CN in Park's model causes the mass blowing to be greater by as much as 45% compared to Driver's model. The heat transfer to the surface for Park's model was approximately 20% less than Driver's model. The difference in the heat transfer between the two models could be caused by the carbon nitridation reaction in Park's model, which decreases the heat flux, and the nitrogen catalysis reaction in Driver's model, which increases the heat flux. When the carbon nitridation reaction is excluded from Park's model, the results showed better agreement to Driver's model in the heat transfer near the nose of the capsule and the mass blowing rate along most of the forebody.
For future work, the mixture transport properties will be determined using more accurate models, such as Gupta's mixing rule with collision cross section data for the mixture viscosity and thermal conductivity, and the self-consistent effective binary diffusion method 26, 27 for the mass diffusion fluxes. In the current study, the gas phase surface temperature is assumed to be equal to the temperature at the wall. Future studies can investigate the effects of temperature jumps at the surface on the predicted flow field and surface properties. Finally, the effects of nonequilibrium pyrolysis, spallation and charring, and multi-scale radiation will be evaluated by coupling LeMANS with the FRSC Module to a material response solver and a radiation code.
